Emerging evidences indicate that SCN10A/Na V 1.8 is associated with cardiac conduction and atrial fibrillation, but the exact role of Na V 1.8 in cardiac electrophysiology remains poorly understood. The present study was designed to investigate the effects of blocking Na V 1.8 channels in cardiac ganglionated plexi (GP) on modulating cardiac conduction and atrial fibrillation inducibility in the canine model.
Introduction
Atrial fibrillation (AF) is the most common sustained arrhythmia and is independently associated with an increased risk of stroke, heart failure, and death. 1 Autonomic innervations of the heart involve both the extrinsic and the intrinsic cardiac autonomic nervous system (ICANS). The ICANS forms a complex neural network composed of ganglionated plexi (GP) concentrated within epicardial fat pads and the interconnecting ganglia and axons, which has been implicated in cardiac conduction and AF. 2, 3 Studies have demonstrated that GP plays a critical role in the initiation and maintenance of AF. 4 -7 Therefore, GP ablation could be selected as a supplement to conventional pulmonary vein isolation for AF ablation, which has been verified to achieve better outcomes than pulmonary vein isolation alone in clinical trials. 8, 9 SCN10A encodes Na V 1.8, an alpha subunit of voltage-gated sodium channels (Na V ). Na V 1.8 is a tetrodotoxin-resistant sodium channel and is highly expressed in small-diameter sensory neurons of dorsal root ganglia. It is known to play a key role in generating and maintaining of action potentials in nociceptive nerve fibres. 10, 11 Recently, Na V 1.8 has been identified in the intrinsic cardiac ganglia of mouse. 12 Several genome-wide association studies showed that SCN10A was associated with cardiac conduction as increased PR interval and QRS duration on the surface ECG. 13 -16 Furthermore, the SCN10A locus was also found to be associated with AF. 16, 17 These observations strongly suggest a role for Na V 1.8 in cardiac electrophysiology, but the detailed mechanism remains unclear.
A-803467 is a selective blocker for Na V 1.8 channel, which is 300-to 1000-fold more potent at blocking Na V 1.8 channel than other voltagegated sodium channels, without altering other ion channels, receptors, † B.Q., Y.W., and S.C. contributed equally to this work. ‡ J.Z. Co-author. or enzymes in a broad screening panel. 18 -21 Although A-803467 has been reported to function in isolated intrinsic cardiac neurons in vitro, 12, 22 there is no focus on the role of A-803467 in the cardiac GP.
The exact role of Na V 1.8 in cardiac electrophysiology remains poorly understood, and the effect of blocking Na V 1.8 in cardiac GP has not been studied in animal models or in humans either. To fully understand Na V 1.8-expressing neurons in GP, we perform the present study to elucidate the effects of local blocking Na V 1.8 channels in GP by A-803467 on cardiac conduction and AF inducibility in the canine model.
Methods

Experimental animals and surgical preparation
All animal procedures conformed to the Guide for the Care and Use of Laboratory Animals published by the US National Institute of Health (NIH Publication No. 85-23, revised 1996), and the study protocol was reviewed and approved by Shanghai First People's Hospital Institutional Animal Care and Use Committee. Thirteen adult male mongrel dogs, weighing 15-20 kg, were anaesthetized with sodium pentobarbital (initial bolus 30 mg/kg iv, 50 -100 mg as needed for maintenance). Depth of anaesthesia was assessed by monitoring corneal reflexes, jaw tone, and alterations in cardiovascular indices. After endotracheal intubation and positive-pressure ventilation, the femoral vein was cannulated for continuous saline administration (100 mL/h). Standard surface ECG leads (II, III, aVR) and blood pressure were monitored continuously throughout the entire experiment. Intermittent arterial blood gas measurements were taken hourly (Irma TruePoint blood gas analyser, International Technidyne Corp., Edison, NJ, USA); tidal volume was adjusted and bicarbonate infused as necessary to maintain blood gas homoeostasis. An electric heating pad was used to maintain the body temperature at 36 + 18C. The dogs were euthanized at the end of the experiments by a lethal dose of pentobarbital (100 mg/kg, iv).
Vagus nerve stimulation
The right cervical vagus nerve was dissected from the carotid sheath and transected at the C3-C4 level. Right cervical vagus nerve stimulation (VNS) was applied to the distal end of the nerve (see Supplementary material online, Figure S1 ) by using stainless steel electrodes (Model 6491, Unipolar Pediatric Temporary Pacing Lead, Medtronic, Minneapolis, MN, USA). VNS was performed by applying high-frequency electrical stimulation (HFS, 20 Hz, 0.1 ms duration, square waves) with a Grass stimulator (S-88, Astro-Med, Warwick, MA, USA). The stimulation current amplitude has been fixed at the voltage level enough to reduce sinus rate (SR) at least by 50% (1.9 + 0.1 V). Data were obtained 10 s after the onset of VNS, and the typical duration of continuous VNS was ≤45 s. 23 The VNS intensities applied before and after drug injection were the same for all dogs.
A-803467 administration
A bilateral thoracotomy was performed at the fourth intercostal space, which provided access to the right posterior side of the heart through a pericardiotomy. Thirteen dogs were randomly assigned to the A-803467 group (15 -20 kg, n ¼ 7) or the control group (15 -20 kg, n ¼ 6). A-803467 (1 mmol/0.5 mL at each GP) or 5% DMSO/95% polyethylene glycol (PEG) (0.5 mL at each GP) was injected into the anterior right ganglionated plexi (ARGP) and the inferior right ganglionated plexi (IRGP). The GPs were identified by applying HFS using a bipolar electrode probe (AtriCure, West Chester, OH, USA). The response was a progressive slowing of the SR. The needle tip was positioned manually at several points on the epicardial surface of the GP under direct visual control ensure optimal injection. A-803467 (Sigma Aldrich, A3109), 5-(4-chlorophenyl)-N-(3,5-dimethoxyphenyl)furan-2-carboxamide, was dissolved in 5% DMSO/95% PEG 400.
Electrophysiological study protocol
The study protocol was applied at baseline and 10, 35, 90 min after drug injection during VNS. ECG and atrial electrograms were amplified and filtered from 0.05 to 500 Hz and were displayed and recorded on a Bard Computerized Electrophysiology system (CR Bard, Inc., Bard, Billerica, MA, USA). Epicardial multielectrode catheters (Capsure Epi, Medtronic, Minneapolis, MN, USA) were sutured to the right and left atrial free walls ( Figure 1) . Atrial pacing was then performed with twice the diastolic pacing threshold. The SR was calculated using the average R -R interval of 20 beats. Atrioventricular nodal function was evaluated by measuring ventricular rate (VR) during induced AF. The AF was induced by rapid atrial pacing (400 impulses, 20 Hz) at right and left atrial free walls during VNS. 23 AF was defined as irregular atrial rhythm (.500 b.p.m.) lasting ≥5 s after the end of the burst stimulation. VR was determined from the ventricular cycle lengths over the last 20 beats during induced AF. The PR interval was defined as the interval from the onset of the P-wave to the end of the PR segment. The pacing protocol for the atrial effective refractory period (AERP) measurement was as follows. Programmed electrical stimulation was performed at a cycle length (S1-S1) of 400 ms. The S1 -S2 interval was started at 200 ms and decreased by 10 ms steps until the atrial capture failed (S1:S2 ¼ 8:1). The longest coupling interval that did not capture the atria was defined as AERP. The right atrial effective refractory period (RAERP) and left atrial effective refractory period (LAERP) were measured at right and left atrial free walls during VNS. The window of vulnerability (WOV) was defined as the longest S1-S2 minus the shortest S1-S2 that induced AF. The cumulative window of vulnerability (SWOV), defined as the sum of the individual WOVs from right and left atria free walls, was used to measure AF inducibility.
To examine whether the effect of A-803467 was mediated through effects on the ICANS, we examined GP function at 10 min after A-803467 (1 mmol/ 0.5 mL) or 5% DMSO/95% PEG (0.5 mL, control) injection into the ARGP in separate experiments (n ¼ 8). Voltage -SR response curves were constructed by applying HFS (20 Hz, 0.1 ms duration, square waves) to the ARGP with incremental voltages up to the voltage that induced AF. The slowing of the SR at each voltage level was determined. The change in the SR induced by HFS of the ARGP at each voltage level was used as a surrogate marker for GP function.
Statistical analysis
All data were presented as means + SEM. The repeated-measures analysis of variance (ANOVA) was used for comparisons of SR, VR, PR interval, AERP, and SWOV between groups. The slowing of the SR with increasing stimulation voltage was compared between groups using repeatedmeasures ANOVA. Significant interactions between the treatment group and time were investigated by performing an overall hypothesis test of the treatment effect after stratifying by time point for all ANOVA models, followed by pair-wise comparisons, stratified by time point. Tukey's method was used to adjust for multiple comparisons for all pair-wise testing. The voltage required to induce AF with ARGP stimulation was compared between groups using the unpaired t-test. The Mann-Whitney U test was used for comparison of the maximal per cent change in SR. SPSS 17.0 for Windows (SPSS, Inc., Chicago, IL, USA) was used for statistical analysis. Probability values of ,0.05 were considered statistically significant.
Results
Effects of A-803467 on SR and VR
At baseline, VNS suppressed the spontaneous SR significantly in both the control and A-803467 groups ( Table 1) . The sinus nodal function was suppressed during VNS. The data indicated that effects of VNS on the SR are suppressed at 10, 35, and 90 min after A-803467 injection, but remained unchanged in the control group (Figure 2) . VNS also reduced VR before GP injection. The effect on VR reduction was decreased gradually at 10, 35, and 90 min after A-803467 injection. However, these changes were not remarkable in the control group (Figure 3 
Effects on PR interval
PR interval was prolonged in the A-803467 and control groups during VNS ( Table 1) . A-803467 injection significantly suppressed PR interval prolongation at 10, 35, and 90 min compared with the control (Figure 4) . Effects of VNS on PR interval were as follows: 115 + 2 vs. 128 + 5, 112 + 2 vs. 134 + 2, and 116 + 3 vs. 134 + 4 at 10, 35, and 90 min, respectively (A-803467 vs. control, ms, P , 0.05).
Effects on AERP and AF inducibility
VNS shortened the AERPs recorded from the right and left atria ( Table 1) . RAERP and LAERP in the A-803467 group increased, whereas they remained relatively stable in the control group ( Figure 5 ). AERPs were significantly higher in the A-803467 group compared with control. Effects of VNS on the RAERP were as follows: 81 + 10 vs. 47 + 4, 80 + 10 vs. 43 + 12, and 84 + 8 vs. 45 + 8 at 10, 35, and 90 min, respectively (A-803467 vs. control, ms, P , 0.05). Effects of VNS on the LAERP were as follows: 74 + 5 vs. 53 + 6, 83 + 7 vs. 52 + 8, and 83 + 10 vs. 50 + 9 at 10, 35, and 90 min, respectively (A-803467 vs. control, ms, P , 0.05).
VNS widened the SWOV at baseline in both groups ( Table 1) . The SWOV significantly decreased in the A-803467 group, but remained unchanged in the control group ( Figure 5C) . A-803467 significantly inhibited AF inducibility and decreased the SWOV at 10, 35, and 90 min compared with control. Effects of VNS on the SWOV were as follows: 64 + 6 vs. 117 + 21, 51 + 9 vs. 108 + 15, and 53 + 13 vs. 117 + 27 at 10, 35, and 90 min, respectively (A-803467 vs. control, ms, P , 0.05).
Effects on GP function
Stimulation of the ARGP with incremental voltage levels induced a progressive slowing of the SR. Whereas in the control group (n ¼ 4) the SR decreased linearly with increasing stimulation voltage, the SR remained relatively flat after treatment with A-803467 (n ¼ 4, Figure 6 ). The treatment group by voltage interaction was significant (P ¼ 0.047), indicating that the change in SR with increasing voltage was different in the two groups. A-803467 markedly increased the voltage required for ARGP stimulation to induce AF compared with control (5.0 + 0.4 vs. 3.0 + 0.7 V, P ¼ 0.047). A-803467 decreased the maximal per cent change in SR compared with baseline by 24.3 + 3.5%, which was significantly different compared with control (50.5 + 4.1%, P ¼ 0.021).
Discussion
In the present study, we demonstrate for the first time that blockade of Na V 1.8 inhibits the decreases in SR and VR, a prolongation of PR interval, and an increase in the SWOV response to VNS. A temporary suppression of AF inducibility was achieved with A-803467, and this might be associated with preventing the decrease of AERP induced by VNS. These effects are likely mediated through inhibition of the parasympathetic ganglionic neurotransmission in the ICANS, as evidenced by the attenuation of the maximal change in SR with ARGP stimulation. This study provides the demonstration of a possible mechanism by which SCN10A/Na V 1.8 regulates cardiac electrophysiology via modulating the GP function. Direct VNS has been used for decades to study the induction and maintenance of AF in experimental protocols. 24, 25 The vagus nerve is a mixed nerve, with two-thirds of the fibres carrying afferent sensory information from the periphery to the central nervous system and one-third carrying efferent motor information from the central nervous system to the periphery. 26 To discount the possible inhibitory effects via a reflex that involves the brain, the right vagus nerve was transected, and VNS was applied at the distal end of the nerve, indicating that the antiarrhythmic effect of A-803467 is not dependent on the activation of the afferent vagus nerve fibres that project to the brain. We intentionally injected A-803467 into the GP in order to minimize systemic action on the myocardium and localize the effects on the ICANS. GPs contain entities representing both sympathetic nerves and the parasympathetic nerves. 27 -29 Nevertheless, a majority of intrinsic cardiac neurons in GPs were found to be cholinergic. 30 The functional role of the parasympathetic components is clearly dominant. Electrical stimulation of GP always evokes negative chronotropic and dromotropic effects. In this study, HFS was delivered at the ARGP and the ability of ARGP stimulation to slow the SR was used to assess the ARGP function under the influence of A-803467. A-803467 reversed the negative chronotropic responses to HFS of the ARGP parasympathetic neural elements, suggesting that A-803467 inhibits the activation of the neural elements within the ARGP. We have shown, for the first time, that A-803467 could suppress the GP activity, evidenced by counteracting the cholinergic effects of ARGP stimulation. These effects strongly support the notion that A-803467 acts as a modulator and stabilizer of the cardiac autonomic tone, protecting the heart against cholinergic overstimulation. PR interval is an amalgamated measure of atrial and atrioventricular nodal conduction, disturbances of which increase AF risk and all-cause mortality. 31 Longitudinal data from the Atherosclerosis Risk in Communities Study and the Framingham Heart Study (FHS) demonstrate that PR interval prolongation is a predictor of increased AF risk. 32, 33 In addition, PR interval prolongation has been shown in FHS to be an independent Nav1.8 modulates AF inducibility predictor in a multifactorial risk score for AF pre-disposition. 33 Magnani et al. 34 identified significant relationships of PR interval to heart failure and AF in older adults. A number of clinical GWA studies have recently identified associations between genetic variants in the SCN10A and cardiac conduction (PR interval and QRS duration). 13 -16 Chambers et al. 13 found that the PR interval was shorter in Scn10a 2/2 mice than in wild-type littermates. Our study showed that blockade of Na V 1.8 channels in GP could blunt both vagally dependent PR interval prolongation and the inducibility of vagally mediated AF.
Recently, more studies suggest that the effect of Na V 1.8 on cardiac electrophysiological properties is mediated by its action on intrinsic cardiac ganglia neurons. Facer et al. 35 demonstrated the presence of Na V 1.8-immunoreactive sensory nerve fibres in human atrial myocardium. Verkerk et al. 12 also demonstrated the presence of SCN10A/ Na V 1.8 in intrinsic cardiac neurons. Immunohistochemistry on mouse tissue sections showed intense Na V 1.8 labelling in intrinsic cardiac ganglia but only modest Na V 1.8 expression in the myocardium. Immunocytochemistry further revealed substantial Na V 1.8 staining in isolated intrinsic cardiac ganglia neurons, but no Na V 1.8 expression in isolated ventricular myocytes. Patch-clamp studies demonstrated that A-803467 had no effect on either mean sodium current (I Na ) density or I Na gating kinetics in isolated myocytes, but significantly reduced I Na density in intracardiac neurons. 12 The results from our study now provide the evidence for a functional role for Na V 1.8 in regulation of GP activity in the canine heart. The dose of A-803467 used in this study was determined based on the available literature. 18, 19 The plasma elimination half-life of A-803467 is 4.9 h and behavioural effects of A-803467 in the SNL model lasted at least 90 min after systemic injection. 18 Injection of A-803467 into the neuronal receptive field reduced evoked discharges of WDR neurons at each time point examined (5-35 min) with the largest effect observed 35 min after injection. 19 Therefore, we have reported only short-time (90 min) efficacy of A-803467 in the canine heart. The ICANS neurons synthesize many different neurotransmitters. 36 Besides acetylcholine, population of 'small intensely fluorescent' cells synthesize most probably dopamine and serotonin, some magnocellular neurons synthesize norepinephrine and epinephrine. The presence of enzymes for histamine synthesis was also confirmed. Furthermore, various neuropeptides (e.g. cocatine and amphetamine-regulated transcript, calcitonin gene-related peptide, neuropeptide Y, tachykinins, vasoactive intestinal polypeptide) were identified in heart neurons. Nitric oxide (NO) synthase-immunoreactive neurons were also identified in the heart. Because the main purpose of this study was to provide the evidence for Na V 1.8 channels in regulation of GP function, we did not pursue the exact courses of the signalling pathways within GP. It is possible that Na V 1.8 channels could regulate the release of neurotransmitters and/or neuropeptides in GP. Acetylcholine and NO may represent potential candidates. Blasius et al. 37 found that mice carrying the Possum mutation in SCN10A, which enhanced Na V 1.8 sodium currents and neuronal excitability, respond to 'scruffing' with marked sinus bradycardia and R-R variability which could be abrogated by infusion of atropine. Herring et al. 38 found that NO increased the evoked release of acetylcholine and the heart rate response to VNS via a pre-synaptic pathway involving phosphodiesterase 3 and protein kinase A. The underlying mechanism of Na V 1.8-mediated regulation of GP function will require future additional detailed investigations. In summary, blockade of Na V 1.8 channels suppresses the effects of VNS on cardiac conduction and AF inducibility, most likely by inhibiting GP function. Our findings suggest a possible mechanism for SCN10A/ Na V 1.8 modulating cardiac electrophysiological properties which may be associated with regulation of the neural activity of the GP. These results not only reveal a functional role for SCN10A expression in cardiac GP, but also identify Na V 1.8 as a potential target for antiarrhythmic intervention aiming at modulating the neural control of the heart.
Supplementary material
Supplementary material is available at Cardiovascular Research online. Figure 6 Effects on the ganglionated plexi function at 10 min after A-803467 or 5% DMSO/95% PEG injection into the anterior right ganglionated plexi (ARGP). Compare the marked slowing of the sinus rate in the control group with the blunted response in the A-803467 group. There was a significantly different trend in the sinus rate change with increasing stimulation voltage between the two groups. *P , 0.05 for A-803467 vs. control.
